The dimerization specificity of the bZIP transcription factors resides in the leucine zipper region. It is commonly assumed that electrostatic interactions between oppositely charged amino acid residues on different helices of the leucine zipper contribute favorably to dimerization specificity. Crystal structures of the GCN4 leucine zipper contain interhelical salt bridges between Glu20 and Lys15' and between Glu22 and Lys27T. 13C-nuclear magnetic resonance measurements of the glutamic acid PKa values at physiological ionic strength indicate that the salt bridge involving Glu22 does not contribute to stability and that the salt bridge involving Glu20 is unfavorable, relative to the corresponding situation with a neutral (protonated) Glu residue. Moreover, the substitution of Glu20 by glutamine is stabilizing. Thus, salt bridges will not necessarily contribute favorably to bZIP dimerization specificity and may indeed be unfavorable, relative to alternative neutral-charge interactions.
The dimerization specificity of the bZIP transcription factors resides in the leucine zipper region. It is commonly assumed that electrostatic interactions between oppositely charged amino acid residues on different helices of the leucine zipper contribute favorably to dimerization specificity. Crystal structures of the GCN4 leucine zipper contain interhelical salt bridges between Glu20 and Lys15' and between Glu22 and Lys27T. 13C-nuclear magnetic resonance measurements of the glutamic acid PKa values at physiological ionic strength indicate that the salt bridge involving Glu22 does not contribute to stability and that the salt bridge involving Glu20 is unfavorable, relative to the corresponding situation with a neutral (protonated) Glu residue. Moreover, the substitution of Glu20 by glutamine is stabilizing. Thus, salt bridges will not necessarily contribute favorably to bZIP dimerization specificity and may indeed be unfavorable, relative to alternative neutral-charge interactions.
Transcription factors of the basic-region leucine zipper (bZIP) family bind to DNA as homo-or heterodimers (1). Dimerization of these proteins is controlled by the leucine zipper (Fig. lA) , a parallel, twostranded coiled coil (2-4). The leucine zipper thus mediates the DNA-binding specificity of the bZIP transcription factors by determining which bZIP proteins form stable dimers. Accurate prediction of bZIP dimerization specificity will require an understanding of the principles governing leucine zipper dimerization. (Fig. 1B) , can contribute to dimerization specificity. Residues at the e and g positions also can contribute substantially to the specificity of leucine zipper dimerization through interhelical electrostatic interactions (Fig.  1A) . Previous studies have demonstrated that the dimerization specificity of both the Fos-Jun oncoprotein (5) and a de novo designed heterodimeric coiled coil (6) results largely from the relief of unfavorable interhelical electrostatic interactions between residues of like charge in the homodimers. Thus, avoidance of electrostatic repulsion is an important determinant of dimerization specificity (5, 6).
Conversely, it is often assumed that formation of favorable electrostatic interactions between the helices contributes to the global stability and dimerization specificity of two-stranded coiled coils (4, 7-12). (A) Schematic representation of the leucine zipper, a parallel, two-stranded coiled coil (4). A side view is shown. For simplicity, the supercoiling of the helices is not depicted. The sequences of coiled coils are characterized by a heptad repeat of seven amino acid residues, denoted a to g (7). Prime (') refers to positions from the other helix. Most of the residues at positions a and d are hydrophobic, forming the characteristic 4-3 repeat of coiled coils, whereas residues at positions e and g are often charged (7, 26) . The hydrophobic interface between the two a helices is formed by residues at positions a, d, e, and g (4). One set of packing interactions consists of side chains from positions a, a', g and g' (light shading), whereas the second set consists of side chains from positions d, d', e, and e' (dark shading). Residues at positions g' and e pack against positions a and d', respectively, and can participate in interhelical electrostatic interactions from position e to g' of the preceding heptad (indicated with ladders). (B) Schematic cross section through the dimer, depicting packing interactions between the residues at positions d and e (4). As an example, leucine at position d and glutamic acid at position e is shown. The large circles represent the helical backbone and the line segments represent bonds between carbon atoms. Residues at d and d' make side-to-side interactions. Additionally, methylene groups from residues at positions e and e' make contacts with the hydrophobic residues at positions d and d'. These types of interactions are also present in the a layer, in which residues from positions g and g' make contacts with residues at positions a and a'. 10, 11) show interhelical salt bridges between charged residues at g' positions to residues of opposite charge, on the other helix, at e positions of the following heptad (Fig. 1A) .
GCN4-pl is a synthetic peptide corresponding to the leucine zipper of the yeast transcriptional activator GCN4 (Fig. 2A) Glu20-Lys15' salt bridge of the GGN4-pl crystal structure (13). Also shown is the Leu19' -> Glu20
(d' -> e) packing interaction (see also Fig. 1 
B). (C)
The Glu22-Lys27 salt bridge of the GGN4-pl crystal structure (13). Also shown is the Glu22 -> Val23'
(9 -* a') packing interaction (see also Fig. 1 We measured by 13C-nuclear magnetic resonance (NMR) the pKa values of Glu20 and Glu22 in GCN4-pl. Glutamic acid enriched with 13C at the carboxylate 8-carbon was incorporated by peptide synthesis at residues 20 and 22 of GCN4-pl at levels of approximately 10 and 20%, respectively (16) . This allowed unambiguous assignment of the Glu20 and Glu22 carboxylate "3C-resonances (Fig. 3A) . We measured the pKa values at physiological ionic strength by following the change in chemical shift of the carboxylate resonance with pH (Fig. 3) Fig. 3B ). The pKa of Glu20 is actually shifted higher in the folded state (Fig. 3B) , indicating that the ionized Glu20 residue is destabilizing by 0.3 ± 0.1 kcal/mol (given by 'AGtitr = -2.303RTApKa; the folded-and unfoldedstate pKa values are 4.44 ± 0.05 and 4.20 + 0.05, respectively).
We conclude that the salt bridges observed in the crystal structures of GCN4-pl and the GCN4 bZIP-DNA complexes either do not form in solution or that the contribution of these salt bridges to stability is negligible at best, relative to when only the Lys residue is charged. This conclusion is in accord with the very slight dependence of the thermal stability of GCN4-pl on pH or ionic strength (6, 19) and earlier studies indicating that surface salt bridges, in general, contribute only marginally (-0.5 kcal/mol or less) to protein stability (14, 20) .
It is particularly surprising that the pKa of Glu20 is slightly increased in the folded state, indicating that the charged form of this residue is slightly destabilizing relative to the neutral form. This conclusion is corroborated by the increased thermal stability at pH 7 of the variant of GCN4-pl with the substitution Glu20->Gln (21 a Gin residue) packs more favorably than the ionized form of Glu20 against residues in the dimer interface (Figs. 1B and 2B ). It may also be noteworthy that the Glu20-Lyst5' salt bridge packs against Asn'6', in a region of potential asymmetry (13).
Residues at positions e and g contribute to coiled-coil dimerization specificity both by forming favorable packing interactions at the hydrophobic interface (Fig. iB) and by destabilizing dimers via unfavorable interhelical electrostatic interactions (5, 6). It is often assumed that favorable electrostatic interactions, resulting from interhelical salt bridges, are also critical determinants of dimerization specificity (4, (7) (8) (9) (10) (11) (12) EMBO J. 13, 2849 EMBO J. 13, (1994 . 13. The crystal structures of GCN4-pl (4) and of GCN4 bZIP domains bound to the AP-1 (10) and ATF-CREB (1 1) DNA sites contain interhelical salt bridges between Glu22 and Lys27', and between Glu22' and Lys27 (Glu270' and Lys275, respectively, in GCN4). The GCN4-pl (4) and AP-1 cocrystal (10) structures contain interhelical salt bridges between Glu20 and Lys15' (Glu268 and Lys26e', respectively, in GCN4).
The reciprocal Glu20'-Lys15 salt bridge is not seen in the crystal structure of GCN4-pl owing to a region of asymmetry around Asn16 [ figure 6D of (4)] and is blocked in the AP-1 structure by symmetry-related DNA in the crystals (10). Interhelical salt bridges involving Glu20 and Lys15 are not observed (ion-pair distance = 6.0 A) on either side of the dimer in the ATF-CREB cocrystal structure, which has crystallographically imposed symmetry in the region of Asn16 (11). If the asymmetry observed in the GCN4-p1 (4) and bZIP-AP-1 (10) crystal structures also existed in solution, then the different environment of each monomer would usually result in two resonances for each nucleus. Only one resonance is observed for the --'3C (Fig. 3A) and 'H nuclei of GCN4-pl [T. G. Biochemistry 29, 2403 Biochemistry 29, (1990 . 16. Peptides were synthesized with solid-phase t-Boc methods as described (3). (8-3'C, 99%) t-Boc-Glu-(OBzl) was obtained from Cambridge Isotope Laboratories, Andover, MA. Glu20 and Glu22 were coupled in two steps. '3C-labeled Glu was first coupled at less than stoichiometric amounts, with -10 and 20% coupling of 13C-labeled Glu at residues 20 and 22, respectively. The extent of coupling was determined with the ninhydrin reaction [V. K. Sarin, S. B. H. Kent, J. P. Tam, R. B. Merrifield, Anal. Biochem. 117, 147 (1981)]. Coupling was taken to completion in the second step with unlabeled Glu. Final purification was by reversed-phase high-performance liquid chromatography on a Vydac Cl8 column with a linear water-acetonitrile gradient containing 0.1 % trifluoroacetic acid. The identity of each peptide was confirmed by laser desorption mass spectrometry on a Finnigan Lasermat. For each peptide, the expected and observed molecular masses agreed to within 1 dalton.
17. GCN4-p1 15-27 corresponds to residues 15 to 27 of GCN4-pl and contains five residues before and after SCIENCE * VOL. 268 * 21 APRIL 1995 Glu20 and Glu22. The NH2-terminus is acetylated and the COOH-terminus is amidated to avoid the introduction of additional charges. GCN4-p115-27 is unfolded under the conditions of the '3C-NMR experiments, in accord with previous truncation studies of the GCN4 leucine zipper (19). The CD spectrum of GCN4-p115-27 is typical of an unfolded coiled-coil peptide (19) and is independent of temperature from 250 to 700C and pH from 2.0 to 6.8, with a CD signal at 222 nm of -5.3 x 103 degcm2 dmol-1 (23). The 'H-NMR spectrum at 25WC is also typical of an unfolded coiled-coil peptide (19) and is independent of concentration over the 1 00-fold range from 0.032 to 3.2 mM (23). CD and 'H-NMR experiments were performed under the same conditions as the '3C-NMR experiments (24).
18. The pKa of AcGluOMe is 4.3 ± 0.1 (23, 24), which is slightly higher than that found for Glu20 and Glu22 in the unfolded-model peptide GCN4-pl1,5-27 (Fig.   3B ). This illustrates the importance of making measurements in a good peptide model for the unfolded state, rather than relying on the intrinsic pKa of an isolated, blocked amino acid. 19. K. J. Lumb et al., Biochemistry 33, 7361 (1994) . 20. The marginal contribution of surface salt bridges to stability is attributed to the high dielectric of the solvent, which reduces the strength of a surface ionic interaction, and to the unfavorable energetic penalties of desolvating the charges and locating the mobile charged groups in a salt bridge [S. (1994) ] are shorter and less solvent exposed than those seen in the GCN4-pl crystal structure. 21. The midpoints of thermal denaturation (Tm) at pH 7.0 of GCN4-p1 and the Glu20 -* Gin variant are 560 and 58°C, respectively. At pH 2, however, GCN4-pl is more stable than the Gin variant (the Tm values are 50°and 47°C, respectively), indicating that Gin is not intrinsically stabilizing. These results strongly suggest that the neutral (protonated) form of Glu is stabilizing relative to the ionized form, in accord with the PKa measurements.
The Tm values were determined for 35 ,uM (monomer) samples (25) in 10 mM sodium phosphate, 150 mM NaCI (pH 7.0) as described (19). All thermal melts were reversible (the folding and unfolding curves were superimposable, with over 90% of the starting signal regained on cooling). 22. N. E. Zhou, C. M. Kay, R. S. Hodges, Protein Sci. 7, 1365 (1994 In the study of membrane-bound receptor, channel, and transporter proteins, classical pharmacology has defined highly specific agonists and antagonists, and quantitative structure-activity studies have generated many hypotheses concerning ligand-receptor interactions. More recently, the combination of site-directed mutagenesis and heterologous expression has enabled functional studies of the consequences of structural modifications of the receptors. In the absence of atomic-scale structural data for membrane-bound receptors, these methods provide detailed information for the study of ligand-receptor interactions. First-generation mutagenesis methodologies used the normal translation machinery in such a way that a residue of interest could be changed to any of the other 19 natural amino acids. Site-directed mutagenesis combined with nonsense suppressors [transfer RNAs (tRNAs) altered at the anticodon so that they insert an amino acid in response to an mRNA termination codon] have allowed the generation of several proteins with known amino acid changes from a single mRNA (1). Recently, second-generation mutagenesis methodologies have incorporated the nonsense suppression principle and extended the amino acid repertoire by providing a means for the site-specific incorporation of unnatural amino acids into proteins in cell-free systems (2, 3). We report here the adaptation of this approach to a heterologous expression system in an intact cell. Combined with the high sensitivity and resolution of modem electrophysiological techniques, the incorporation of unnatural amino acids provides a general method for structure-function studies of receptors, channels, and transporters.
Figure lA outlines the nonsense codontRNA suppressor method as adapted to intact eukaryotic cells. A Xenopus oocyte was coinjected with two mutated RNA species: (i) mRNA, synthesized in vitro from a mutated complementary DNA (cDNA) clone containing a stop codon, TAG, at the amino acid position of interest and (ii) a suppressor tRNA (4) containing the complementary anticodon sequence (CUA) and the desired unnatural amino acid synthetically acylated to the 3' end (5, 6). During translation by the oocyte's synthetic machinery, the unnatural amino acid was specifically incorporated at the appropriate position in the protein encoded by the mRNA.
We exploited this method to study a ligand-gated ion channel, the nicotinic acetylcholine (ACh) receptor (7). The muscletype ACh receptor (AChR) contains five subunits with a stoichiometry of o42fy&8. An appropriate subject for this first investigation was the interaction between ligands 
